A series of adsorption studies were carried out on a glycidyl methacrylate-modified cellulose material functionalised with imidazole (cellulose-g-GMA-imidazole) to assess its capacity towards the removal of Pb(II) ions from aqueous solution. The study sought to establish the effect of a number of parameters on the removal of Pb(II) ions from solution by the cellulose-g-GMAimidazole. The effect of initial metal concentration, contact time and solution temperature on the removal of Pb(II) ions from solution by the cellulose-g-GMAimidazole was assessed. Cellulose-g-GMA-imidazole sorbent showed an uptake of ca. 72 mg/g of Pb(II) ions from aqueous solution at 23°C. The adsorption process is best described by the Langmuir adsorption model and the thermodynamics of the process suggest that the binding process is exothermic. The kinetics of the adsorption process indicated that the uptake of Pb(II) ions occurred within 40 min and that pseudo-second-order kinetics best describe the overall adsorption process.
INTRODUCTION
Lead, copper, zinc and nickel are some of the most common heavy metal constituents of industrial effluents. In particular, Pb(II) ions are found in a variety of wastewater streams from industries such as acid battery manufacturing, metal plating and finishing, ammunition, ceramic and glass industries (Goel et al. 2005) . Concentrations of Pb(II) ions in industrial wastewaters can range from 200 mg/dm 3 to 500 mg/dm 3 (Ucun et al. 2003) .
At high concentrations, Pb(II) is known to be toxic to both plants and animals as it accumulates in vital organs and bones and can cause a number of diseases ranging from anaemia to nervous system degeneration (Adriano 1986 ). The maximum allowed concentration of Pb(II) ions at the consumer's tap is currently 25 µg/dm 3 and will be reduced to 10 µg/dm 3 in 2013 (Cuenot et al. 2005) .
Current methods for the removal and recovery of Pb(II) ions from industrial waste streams include precipitation, oxidation, reduction, ion exchange, filtration, electrochemical treatment, membrane technologies, reverse osmosis and solvent extraction. A series of advantages and disadvantages are associated with each of these techniques. Most of these methods involve high capital costs and are not suitable for small-scale industries (Demirbas et al. 2002) . Adsorption is now recognised as an effective, efficient and economic method for water decontamination applications and for analytical separation purposes (Crini 2005) . Currently, there is an increasing emphasis on adsorbents based on naturally-occurring support materials.
Natural support materials possess a number of advantages, including availability in large quantity, low cost and, most importantly, the capability of chemical modification in order to enhance their metal-binding ability. Some of these natural materials include chitosan (Guibal 2004) , clays (Naseem and Tahir 2001) and cellulose (Bicak et al. 1999) . For example, chitosan's adsorptive capacity for some heavy metal ions has been greatly increased by chemical modification (Li and Bai 2005) . To date, a number of methods have been used to modify cellulose (Fernandez et al. 1990a,b) . Cellulose has been modified with ethyleneimine, polyethyleneimine, 2-aminoethyl and 2-diethylaminoethyl substituents and the resulting modifications assessed for the uptake of Pb(II) ions (Roberts and Roland 1973) . Modification of cellulose using vicinal thiol groups has led to an adsorbent material which shows selectivity towards Pb(II) ion uptake over a wide pH range (pH 1-9) (Marchant 1974). Thus, a macroporous spherical-shaped cellulose adsorbent (MPCN) has been developed and its ability to adsorb both Pb(II) and Cu(II) ions investigated (He et al. 1999) . Adsorption capacities of 26.3 mg/g and 84.5 mg/g were achieved for Cu(II) and Pb(II) ions, respectively. Further metal ion adsorption studies have been carried out on cellulose modified with p-aminobenzoic groups (Cell-PAB). These researchers found an exceptionally high adsorption capacity of 416.4 mg/g Pb(II) ion uptake on the Cell-PAB material (Rocha de Castro et al. 2004) .
Recent work by our research group has focused on the use of cellulose as a naturally occurring polymeric base material in the preparation of a new adsorbent material (O'Connell et al. 2006) . In this work, glycidyl methacrylate (GMA) was grafted onto regenerated cellulose fibres using ceric ammonium nitrate as the initiator. The grafted product contained a number of highly reactive epoxy groups which permitted the introduction of imidazole, a metal-binding group, into the grafted polymeric material. Figure 1 presents the chemical structure of the grafted product which 338 D.W. O'Connell et al./Adsorption Science & Technology Vol. 24 No. 4 was identified as cellulose-g-GMA-imidazole. The method of graft polymerisation has gained importance in the modification of the chemical and physical properties of pure cellulose for different uses (Vitta et al. 1985; Gurdag et al. 1997) . The adsorption of heavy metal ions is one application which has been studied (Iwakura et al. 1964; Kubota and Suzuki 1995) . The present work was undertaken to investigate the efficiency of this modified cellulose material in the removal of Pb(II) ions from aqueous solutions.
EXPERIMENTAL

Materials
In a typical synthesis of cellulose-g-GMA-imidazole, the same technique was used as described in our previous publication (O'Connell et al. 2006) . The regenerated cellulose (Chemcell™) originated from Borregaard Industries, Sarpsborg, Norway. This regenerated cellulose was in the form of a dissolving cellulose wood pulp and was broken up into its fibrous form using a blender. Ceric ammmonium nitrate (CAN), glycidyl methacrylate (GMA), imidazole, methanol and acetone (technical grade) were provided by Sigma Aldrich, U.K. The GMA was distilled to remove stabilisers before use. All aqueous solutions and standards were prepared using de-ionised water.
Adsorption experiments
Adsorption isotherms
A series of Pb(II) ion solutions of varying initial concentration (20-2000 mg/dm 3 ) were prepared by dissolving appropriate amounts of lead(II) nitrate, Pb(NO 3 ) 2 (Merck, Germany) in de-ionised water. A 25-ml aliquot was removed from each flask and placed in a separate 50 ml plastic vial. Then, 0.2 g of the adsorbent, cellulose-g-GMA-imidazole, was added to each vial. Each vial was sealed and placed in a temperature-controlled water bath for 120 min. After this time, the vials were centrifuged for 15 min using a Rotofix 32 centrifuge (Hettich Zentrifugen) at 4000 rpm. An aliquot of each supernatant was then removed and suitably diluted with de-ionised water and analysed by atomic absorption spectrophotometry (AAS) (Varian SpectraAA 220). Blank solutions containing equivalent initial concentrations of Pb(II) ions but without addition of the adsorbent (cellulose-g-GMA-imidazole) were prepared and subjected to identical procedures. Standard AAS Pb(II) ion solutions were prepared within the concentration range 1-20 mg/dm 3 using 1000 mg/dm 3 AAS stock solution (Reagecon Diagnostics, Ireland). Adsorption isotherms were measured out at 7°C, 23°C and 40°C, respectively. All samples and blanks were undertaken in triplicate to ensure reproducibility and accuracy.
Kinetic studies
The adsorption kinetics for Pb(II) ion uptake onto the cellulose-g-GMA-imidazole adsorbent were studied using the batch technique. The investigations were conducted at 23°C by monitoring the decrease in the concentration of Pb(II) ions in the solution with time. A kinetic study was carried out at each of three initial Pb(II) ion concentrations. These initial Pb(II) ion solution concentrations were 400, 600 and 800 mg/dm 3 , respectively. In the case of the 400 mg/dm 3 Pb(II) ion solution, known weights of the adsorbent (0.2 g) were added to each of 10 vials containing 25 ml of the Pb(II) ion solution (400 mg/dm 3 ). Each vial was shaken in a temperature-controlled water bath for a specific time period ranging from 10 min to 120 min and subsequently centrifuged. The concentration of Pb(II) ions before and after adsorption was determined by AAS. The amount adsorbed was calculated from the initial and final concentrations of Pb(II) ions in the aqueous phase. All samples and blanks were examined in triplicate to ensure reproducibility and accuracy. Kinetic experiments on the solutions containing initial Pb(II) ion concentrations of 600 mg/dm 3 and 800 mg/dm 3 were undertaken using an identical kinetic experimental procedure.
RESULTS AND DISCUSSION
Adsorption
Preliminary tests on the equilibrium time necessary for Pb(II) ion adsorption onto the cellulose-g-GMA-imidazole adsorbent indicated that a significant uptake occurred within the first 10 min, with the adsorption being complete after 40 min. The adsorption isotherms for Pb(II) ions onto the adsorbent at different temperatures are depicted in Figure 2 . It will be noted that, at 7°C, the adsorption of Pb(II) ions onto cellulose-g-GMA-imidazole attained a value of 75.8 mg/g, at 23°C the corresponding value was 71.9 mg/g whilst at 40°C the value was 60.9 mg/g. The adsorption isotherm data were analysed using both the Langmuir (Figure 3 ) and Freundlich models, as defined in equations (1) and (2) ( 2) where q e (mg/g) is the amount of solute adsorbed, C e (mg/dm 3 ) is the equilibrium concentration in solution, and K L and A L are the Langmuir constants. A plot of C e /q e versus C e from the linear form of equation (1) was used to determine the values of K L (intercept) and A L /K L (slope). Saturation coverage on the adsorbent was obtained as K L /A L . The Freundlich isotherm model is an entirely empirical isotherm and assumes a logarithmic relationship between the level of adsorption and equilibrium sorbate concentration and can be represented by the linearised form of equation (2): ( 3) where K F and n are Freundlich constants related to the adsorption capacity and energy of adsorption, respectively (Ortiz et al. 2001) . The data depicted in Figure 3 and listed in Table 1 indicate that the sorption data showed a better fit to the Langmuir model approach, since higher correlation coefficient values (R 2 ) of 0.952 for 7°C, 0.991 for 23°C and 0.986 for 40°C were observed. The Langmuir constants shown in Table 1 were calculated using equation (1), with the quantity K L /A L being used to estimate the saturation coverage of Pb(II) ions on the adsorbent. This value was 75.8 mg/g at 7°C, 71.9 mg/g at 23°C and 61.0 mg/g at 40°C. These uptake levels can be compared with the results of other studies outlined in Table 2 , where the sorbent materials are presented in descending order of Pb(II) ion adsorption capacity. The adsorption capacity towards Pb(II) ions of the sorbent material (cell-g-GMA-imidazole) used in our own research was relatively strong. 
Thermodynamic evaluation
The heat change resulting from adsorption (∆H 0 ads ) can be determined from the Van't Hoff equation by carrying out adsorption measurements at a minimum of two separate temperatures (Singh et al. 1998): (4) where K c is the equilibrium constant for the adsorption process at a specified temperature (T). The change in surface free energy resulting from adsorption (∆G 0 ads ) can be evaluated using: Using a form of the equation for the Gibbs free energy change and its re-arrangement leads to an estimate of the entropy change (∆S 0 ads ) for the resulting adsorption process:
(6)
The thermodynamic parameters for the adsorption of Pb(II) ions were calculated using equations (4)-(7) and the values of the parameters thus obtained are listed in Table 3 . The negative values of the Gibbs free energy change indicate the feasibility and spontaneous nature of the adsorption process. The negative enthalpy change accompanying the adsorption of Pb(II) ions at each temperature indicates that the process was exothermic, with adsorption being most favoured at lower temperatures. The exothermic nature of the process is also further supported by the maximum equilibrium Pb(II) ion adsorption level given in Table 1 , which shows that an inverse relationship existed between the maximum uptake level (K L /A L ) and the adsorption temperature. The magnitude of the enthalpy change indicates that the binding of the Pb(II) ion most likely occurred via a weak physisorption mechanism. The negative value of the entropy change (∆S 0 ads ) suggests that the adsorption process led to a more ordered solid/solution interface.
Kinetic parameters
In order to apply the adsorption technique to larger-scale processes, it is necessary to elucidate the kinetic parameters and the sorption characteristics of the adsorbent material. The two primary issues to be addressed are the contact time for equilibrium adsorption and the influence of the initial adsorbate concentration on the uptake.
The influence of the initial concentration on the rate of Pb(II) ion uptake is shown in Figure 4 . Preliminary adsorption tests on the rate of Pb(II) ion uptake by cellulose-g-GMA-imidazole indicated that the adsorption process was quite fast with the maximum adsorption and equilibrium conditions being attained within 30-40 min.
Two rate equations were used to analyse the adsorption data, i.e. those for pseudo-first-and pseudo-second-order reaction kinetics. The results are presented in Figure 5 and Table 4 , 
The term k 1 (min −1 ) refers to the pseudo-first-order rate constant for the sorption process. Parameters derived from the pseudo-first-order plots for the Pb(II) adsorption data are shown in Table 4 . The pseudo-second-order kinetic expression [equation (10)] can be used to assess the dependency of the process on the sorbed Pb(II) concentration (Xing et al. 1994): (10) where k 2 [dm 3 /(min mg)] is the overall rate constant for the adsorption process, q e (mg/g) is the amount of Pb(II) ions adsorbed at equilibrium and q t (mg/g) is the amount of Pb(II) ions adsorbed at any time t. Re-arrangement of equation (10) leads to the linearised form given in equation (11):
The initial sorption rate, h, obtained as t → 0, may be defined as:
The initial sorption rate, h, the equilibrium sorption capacity, q e , and the pseudo-second-order rate constant, k 2 , can be obtained experimentally from the slope and intercept of the plot of t/q t versus t (Ho 2003). Figure 5 shows the corresponding second-order plots for Pb(II) ion adsorption onto cellulose-g-GMA-imidazole, the constants for the process being listed in Table 4 . The plots show high correlation coefficients (R 2 ) and a good compliance with the proposed pseudo-second-order equation. The data also show that the initial sorption rates (h values) decreased with an increase in the initial Pb(II) ion concentration. The initial Pb(II) ion concentrations also influenced the contact time necessary to attain equilibrium, with the sorption capacity increasing for higher initial Pb(II) ion concentrations. The values of the overall sorption rate constants, k 2 , were found to decrease with increasing initial Pb(II) ion concentration. The correlation coefficients (R 2 ) obtained by applying the pseudo-first-order equation to the experimental data were lower than the comparable coefficients for the pseudo-second-order equation. This provides a strong indication that the sorption of Pb(II) ions by cellulose-g-GMAimidazole is more accurately represented by a pseudo-second-order kinetic process.
CONCLUSIONS
Graft copolymerisation of the vinyl monomer GMA onto regenerated cellulose wood pulp and the subsequent functionalisation of this grafted polymer with imidazole provided an efficient adsorbent for the removal of Pb(II) ions from aqueous solution. The adsorption isotherms obtained clearly indicated that the reaction product had an adsorptive capacity of ca. 72 mg Pb(II)/g of reaction product at a temperature of 23°C. The adsorption of Pb(II) ions was found to be an exothermic process with an accompanying enthalpy change of ca. 15 kJ/mol. The adsorption process also followed a type I uptake and accorded with the assumptions of the Langmuir adsorption model. The kinetic data obtained for the adsorption process indicated that the Pb(II) ion uptake attained a maximum value after ca. 40 min, with significant Pb(II) ion uptake occurring at contact times of less than 30 min. Further examination of the kinetics of the adsorption process revealed that the pseudo-second-order kinetic model provided a good correlation with the experimental data. Cellulose-g-GMA-imidazole exhibited significant potential as an adsorbent for the removal of Pb(II) ions from aqueous solutions.
